The concentration-dependent actions of neostigmine, a carbamate anticholinesterase agent, were studied on the acetylcholine receptor channel complex in voltage-clamped twitch fibers of costocutaneous muscles of garter snakes. The fast and slow time constants obtained from current fluctuation spectra decreased and increased, respectively, with either increases in the concentration of neostigmine or membrane hyperpolarization when analyzed in the same fiber. The effects of neostigmine on channel lifetime were reversible with washing. These results indicate that the effects of neostigmine are concentration dependent. Concentrations >2.5 x 10e5 M exhibit direct effects on the endplate receptor channel complex which are unrelated to acetylcholinesterase inhibition. These actions include: (1) a prolongation of the gating kinetics of the endplate receptor channel complex, (2) the production of an altered state of the receptor channel complex evidenced by a high frequency component to current fluctuation spectra, and (3) a direct action to block the acetylcholine receptor.
The concentration-dependent actions of neostigmine, a carbamate anticholinesterase agent, were studied on the acetylcholine receptor channel complex in voltage-clamped twitch fibers of costocutaneous muscles of garter snakes. Low concentrations of neostigmine (10V6 or 10m5 M) increased miniature endplate current (MEPC) amplitude and the time constant of MEPC decay without changing the relationship between the MEPC decay time constant and membrane potential. Acetylcholineor carbachol-induced endplate current fluctuation spectra were well fitted by a single Lorentzian curve with a characteristic frequency and singlechannel conductance unaltered by low concentrations of neostigmine. Concentrations of neostigmine greater than 5 x 10e5 M decreased MEPC amplitude and split the decay of MEPCs into two components, one faster and one slower than the control rate. These effects were both voltage and concentration dependent. Spectra of current fluctuations recorded in concentrations ~5 x 10e5 M neostigmine required two time constants, one faster and one slower than the control. Two component spectra were also obtained with carbachol-induced current fluctuation spectra, indicating that these effects of neostigmine were direct and not a consequence of acetylcholinesterase inhibition. Similar results were also obtained in muscles pretreated with collagenase to remove junctional acetylcholinesterase. The fast and slow time constants obtained from current fluctuation spectra decreased and increased, respectively, with either increases in the concentration of neostigmine or membrane hyperpolarization when analyzed in the same fiber. The effects of neostigmine on channel lifetime were reversible with washing. These results indicate that the effects of neostigmine are concentration dependent. Concentrations >2.5 x 10e5 M exhibit direct effects on the endplate receptor channel complex which are unrelated to acetylcholinesterase inhibition. These actions include: (1) a prolongation of the gating kinetics of the endplate receptor channel complex, (2) the production of an altered state of the receptor channel complex evidenced by a high frequency component to current fluctuation spectra, and (3) a direct action to block the acetylcholine receptor.
Acetylcholine (ACh) released from the nerve terminal into the synaptic cleft of the motor endplate is subject to three main processes: (1) attachment to specific endplate receptors leading to a transient opening of ion gates, (2) attachment to acetylcholinesterase (AChE) leading to the hydrolysis of ACh, and (3) diffusional spread leading to escape from the synaptic cleft. These processes occur almost simultaneously, each, however, with its own respective rate. Hydrolysis of ACh by the activity of AChE is the primary mechanism for the termination of transmitter action in the synaptic cleft (Magleby and Stevens, 1972a; Rosenberry, 1979; Wathey et. al., 1979; Adams, 1981) . Poisoning of AChE by anticholinesterase agents has been widely used experimentally to explore the role esterase activity plays in the normal functioning of cholinergic synapses. Anticholinesterases are also frequently used clinically, most notably in the symptomatic treatment of myasthenia gravis to increase the cleft concentration of transmitter and thereby facilitate neuromuscular transmission. Inhibiting the activity of AChE prolongs the duration of endplate potentials (EPPs) (Feng, 1940; Eccles et al., 1942;  'This work was supported by a Muscular Dystrophy Association grant and by National Science Foundation Grant BNS81-10974. Eccles and MacFarlane, 1949; Fatt and Katz, 1951) , miniature endplate currents (MEPCs) (Gage and McBurney, 1975) , and endplate currents (EPCs) (Takeuchi and Takeuchi, 1959; Kordas, 1968 Kordas, , 1972a Magleby and Stevens, 1972a; Kuba et al., 1974; Goldner and Narahashi, 1974; Pascuzzo et al., 1984) . The prolonged time course of the synaptic recordings was considered a reflection of the prolonged duration of the cleft concentration of ACh, a consequence of AChE inhibition.
This was substantiated by Katz and Miledi (1975) , who demonstrated by using fluctuation analysis that prostigmine had no effect on the mean channel lifetime and suggested that the prolonged EPC decay was due to delayed diffusion of ACh from the synaptic cleft resulting from repeated binding of ACh to the endplate receptors. However, in addition to the indirect effects (enzyme  inhibition) of anticholinesterase agents, direct actions of these agents have also been reported. These include: (1) a reduction in the amplitude of EPPs (Eccles and MacFarlane, 1949; Kuba and Tomita, 1971) , MEPCs (Gage and McBurney, 1975) , and EPCs (Magleby and Stevens, 1972a, b; Magleby and Terrar, 1975) ; (2) ACh receptor channel complexes (Kuba et al., 1974) ; and (4) a direct effect to modify the kinetics of open endplate channels and produce receptor desensitization (Akaike et al., 1984; Pascuzzo et al., 1984) . Numerous reports have also demonstrated a presynaptic effect of anticholinesterase agents (Miyamoto, 1978; Duncan and Publicover, 1979; Alderdice, 1982) . Few reports have studied the electrophysiological effects of anticholinesterases over a wide concentration range. Due to the importance of anticholinesterases in experimental and clinical applications, the present series of experiments was undertaken to distinguish between indirect effects of AChE inhibition and direct effects on the ACh receptor channel complex. The concentration-dependent actions of neostigmine were studied on MEPCs and agonist-induced EPC fluctuations. The present results demonstrate that neostigmine has direct actions on the ACh receptor channel complex which are separate and distinct from its well known effects due to AChE inhibition.
Neostigmine (1) prolongs the kinetics of ACh receptor channel gating, (2) produces a modified state of the ACh receptor channel complex evidenced by the presence of a high frequency component to current fluctuation spectra, (3) inhibits the activity of AChE, and (4) produces a block of the ACh receptor. A preliminary report of some of these findings has been presented (Fiekers, 1983a) .
Materials and Methods
Costocutaneous muscles of garter snakes (Thamnophis) were dissected with a section of the rib and scale into which they were inserted and mounted in a glass-bottomed Plexiglas chamber. The preparation was bathed in a physiological salt solution of the following composition (millimolar concentration): NaCl, 159; KCl, 2.15; CaCl*, 1.0; MgC12, 4.2; HEPES (N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid), 1.0; pH 7.2. All experiments were carried out at 19.5O"C. (Hess, 1965; Kuffler and Yoshikami, 1975 
Mean single-channel conductance (y) was estimated in several ways.
(1) The root mean square amplitude of the EPC and its mean value, U, were recorded. The root mean square record was squared and corrected for background noise to obtain the total induced variance, (T, and y was estimated as q= u/U(VVr) ('3 (2) y was also estimated by fitting a single Lorentzian to the spectra and using the following expression
where S (0) 
Results

Low concentrations of neostigmineprolong
MEPC decay without altering channel lifetime. Concentrations of neostigmine up to and including lo-" M increased the amplitude and the time constant of MEPC decay in a concentration-dependent manner. Figure 1 illustrates MEPCs recorded in a single fiber voltage clamped to -80 mV before (Fig. 1A ) and after 25 min in 10m5 M neostigmine (Fig. 1C) . In 32 control experiments the mean time constant of MEPC decay was 2.09 + 0.57 msec (-80 mV, 19.5"C). A 3.5-fold increase in the time constant of MEPC decay to 7.5 + 2.4 msec (n = 18) was obtained in 10e5 M neostigmine.
In lop6 and 5 X 10e6 M neostigmine, the time constant of MEPC decay was increased 2.0-and 2&fold, respectively. These results are consistent with previous reports demonstrating a 2-to 3-fold prolongation of EPC decay following neostigmine (Takeuchi and Takeuchi, 1959; Kordas, 1972a; Magleby and Stevens, 1972a; Katz and Miledi, 1973; Gage and McBurney, 1975; Magleby and Terrar, 1975) . The mean lifetime of the endplate channels determined from the cut-off frequency of power spectral density curves was unchanged in concentrations of neostigmine up to and including lo-M ( Fig.  1 ; Katz and Miledi, 1973) . Spectral density curves obtained in the same fiber as the recorded MEPCs were obtained before (Fig. 1B) and after (Fig. 1D ) exposure to 10m5 M neostigmine. The mean cut-off frequency in control solution was 74 f 18 Hz, yielding a time constant of 2.1 f 0.3 msec (n = 12). In 10e5 M neostigmine, f. was 81 Hz, yielding a time constant of 1.9 + 0.5 msec (n = 5). These results demonstrate that in concentrations up to and including 10m5 M neostigmine, power spectral density curves are adequately described by a single Lorentzian line shape with a characteristic frequency unchanged by neostigmine. The mean single-channel conductance also was not changed by neostigmine (see Table I ). Neostigmine does not alter the voltage dependence of MEPC decay in low concentrations.
The time constant of MEPC decay in control solutions depends on the value of the membrane potential.
Hyperpolarization of the membrane increases the decay time constant of MEPCs, whereas depolarization decreases it (Magleby and Stevens 1972a, b; Gage and McBurney, 1975) . The dependence of the time constant of MEPC decay (the reciprocal of the MEPC decay rate) on membrane potential can be described by the following relation (5) where V is the membrane potential, T(O) is the time constant of MEPC decay at 0 mV, and A is the voltage dependence of 7. Figure   6 . The presence of two components to the power spectra was more obvious in higher concentrations of neostigmine. Spectral density plots similar to those shown in Figure 5 are shown here from a different fiber exposed to 7.5 X low5 M neostigmine. In control solution the spectral density plot could be fitted with a single Lorentzian component with a cut-off frequency of 153 Hz (7 = 1.04 msec) and a zero frequency amplitude of 9.45 X 10eZ3 A2 sec. In 5 x 10m5 M neostigmine (B), two components were required to fit the spectral plots, fi = 58 Hz and ft = 176 Hz. Increasing the concentration of neostigmine to low4 M (C) decreased the rate of the slow frequency component and increased the rate of the fast component such that fi = 26 Hz and f2 = 225 Hz. demonstrate a greater depression in peak MEPC amplitude in the higher concentrations of neostigmine at hyperpolarized membrane potentials which resulted in some nonlinearity to the MEPC-voltage relationship. Figure 3 illustrates the relationship between mean peak MEPC amplitude and membrane potential for several concentrations of neostigmine. The reduction in peak MEPC amplitude indicates that neostigmine has additional actions on the ACh receptor channel complex. In low concentrations of neostigmine, MEPC decay was well described by a single exponential function, and power spectral density curves were adequately described by a single Lorentzian line shape. However, MEPCs recorded in higher concentrations of neostigmine (>5 X 10e5 M) frequently required the sum of two exponential components to fit the decay phase. The decay of MEPCs in the high concentrations of neostigmine reflects a number of simultaneous rate processes, and there was considerable variability from fiber to fiber in the number and the rates of the decay components.
The presence of biphasic MEPCs was concentration dependent; as the concentration was increased, a greater percentage of recorded MEPCs required two exponential components, with one component slower and one faster than the control rate of decay. Table II illustrates the results from four fibers exposed to 5 X 10e5 M neostigmine.
In each fiber, MEPCs recorded at membrane potentials of -60 mV and below were well described by a single exponential function. The voltage dependence of the slow time constant, -0.0144 + O.O008/mV, when examined in the same fiber was not significantly different from the voltage dependence of the control MEPCs in low concentrations of neostigmine. However, concentrations of neostigmine above 5 X 10m5 M increased this voltage dependence above control values. Although no consistent changes were observed in the value of the fast time constant, the slow time constant increased significantly with membrane hyperpolarization when determined in the same fiber (Table  II) .
High concentrations of neostigmine alter channel properties. High concentrations of neostigmine ~2.5 X 10m5 M produced power spectral density curves which could no longer be fitted by a single Lorentzian line shape but required the sum of two components. In 2.5 X 10T5 M neostigmine, power density spectra recorded at -80 mV in 7 of 11 fibers required two time constants. These effects of neostigmine were voltage dependent because power spectra recorded in all of these fibers required two components at -100 mV and one component at -60 mV. The appearance of a second fast time constant to these curves was consistently present in concentrations of neostigmine 25 x low5 M at -80 mV. Figure 4 illustrates MEPCs and noise spectra obtained in the same fiber before and after 2.5 X 10m5 M neostigmine.
The time constant of MEPC decay was increased from 2.1 msec to 3.8 msec, and the spectral curve could only be fit with two time constants. Hz (n = 7) and 159 f 23 Hz (n = 7) at -80 mV. Figure 5 illustrates the effects of membrane hyperpolarization on each spectral component in 5 X low5 M neostigmine. Spectral fluctuations were obtained with iontophoretic application of ACh in control solution (Fig. 5A ) and in the same fiber exposed to neostigmine at two membrane voltages. The exposure to neostigmine converted the single Lorentzian line shape obtained in the control solution to a spectrum requiring the sum of two Lorentzian components (Fig. 5B) . As observed previously, one component was faster and one slower than the single control rate component. Hyperpolarizing the same fiber to -123 mV (Fig. 5C ) altered the cut-off frequencies of each spectral component such that the fast component was increased and the slow component decreased. Higher concentrations of neostigmine better illustrate the contribution of the fast component to the power density spectra. Figure 6 demonstrates the results obtained in a separate fiber exposed to 7.5 X 10m5 M neostigmine. Three spectral density plots obtained at the same membrane voltage (-82 mV) are shown. Figure 6A represents the control. Figure 6 , B and C, represents the same spectrum fit with one ( Fig. 6A) and two (Fig. 6B ) time constants. Figure  6B illustrates the poor fit with a single time constant and demonstrates the presence of the high frequency component produced by neostigmine. Mean values for the cut-off frequencies were 43.5 f 8.0 Hz (n = 7) and 422 + 5 Hz (n = 7) in 5 X 10m5 M neostigmine and 36.8 f. 6.8 Hz (n = 6) and 411 + 50 Hz (n = 6) in 10e4 M neostigmine.
The slow time constant increased, however, with membrane hyperpolarization and with increasing concentrations of neostigmine when examined in the same fiber. The fast time constant decreased with increasing concentrations of neostigmine up to 7.5 X 10e5 M with no further decrease observed at higher concentrations.
It appears as though the rate of the fast component became saturated at high concentration such that further increases in the concentration of neostigmine had little to no effect. However, the amplitude of the fast component increased with either membrane hyperpolarization or increases in the concentration of neostigmine.
Similar results are obtained with CCh. The previous results demonstrate that high concentrations of neostigmine produce biphasic MEPC decays and power spectra which require the sum of two time constants. One of the possible explanations for this observation is that the results are not the direct effect of neostigmine but rather reflect the consequence of ACh accumulation within the synaptic cleft. The shapes of the power density spectral curves resemble those obtained in the presence of channel-blocking drugs, and it is possible that ACh in high concentrations
could block the open state of the ACh receptor channel complex (Sine and Steinbach, 1984) . A simple test to eliminate this possibility is to repeat the experiments using CCh to activate the ACh receptor channel complex. CCh is a nonhydrolyzable agonist which would not accumulate within the synaptic cleft as a consequence of esterase inhibition. Figure   7A demonstrates that CCh in the absence of neostigmine produces power spectral density curves which are well described by a single Lorentzian line shape. As reported previously, the mean lifetime of the ACh channel is much briefer when activated by CCh (Neher and Sakmann, 1977) . The mean cut-off frequency in control solution was 147 + 10.0 Hz (n = 8), yielding a mean channel lifetime of 1.06 f 0.07 msec. Concentrations of neostigmine up to and including 10e5 M did not alter the spectral shape or the cut-off frequency of CCh-induced spectral curves. Figure 7 , B and C, illustrates power spectral density curves obtained using carbachol in the same fiber exposed sequentially to 5 x 10e5 (Fig. 7B ) and 10m4 M (Fig. 7C) neostigmine. These higher concentrations of neostigmine produced spectral density curves which required the sum of two time constants. Increasing the concentration of neostigmine in the same fiber (at a constant membrane potential, -80 mV) increased the time constant of the slow component from 2.6 to 6.6 msec and decreased the time constant of the fast component from 0.9 to 0.8 msec. In eight separate experiments with CCh, the effects of membrane hyperpolarization and increasing concentrations of neostigmine had qualitatively the same effects as observed previously with iontophoretic application of ACh. One significant and consistent difference which was observed between the two agonists was that the cut-off frequency for the fast time constant in high concentrations of neostigmine was significantly higher for iontophoretic application of ACh than with CCh. For example, the cut-off frequency for the fast component in 10F4 M neostigmine was 411 + 62 Hz (n = 7) for ACh and 199 f 40 Hz (n = 5) for CCh.
Multiple component spectra are also obtained after collagenase treatment. In a separate series of experiments, the muscle was pretreated with collagenase for 2 hr before any recordings were made. This procedure results in the removal of esterase from the synaptic cleft (Betz and Sakmann, 1971, 1973; Hall and Kelly, 1971) and consequently prolongs the duration of ACh in the synaptic cleft (Magleby and Terrar, 1975) . The rate of decay of MEPCs recorded from a muscle treated for 2 hr with collagenase were considerably slower than MEPCs recorded from control muscles (Fig. 8A) . The mean time constant for the decay of MEPCs recorded at -80 mV was increased from 2.09 + 0.57 msec (n = 32) to 3.25 -C 0.52 msec (n = 10) following collagenase treatment.
This represents a 1.6-fold increase in the MEPC decay time constant, a value similar to that reported for EPCs (Magleby and Terrar, 1975 Vol. 5, No. 2, Feb. 1985 FREQUEkY (Hz) with a single time constant, with a cut-off frequency of 121 Hz (7 = 1.31 msec) and a zero frequency amplitude of 1.12 x lo-") A2 sec. B was recorded from the same fiber in 10e4 M neostigmine. Two component spectra were obtained.
In this fiber, fi = 24 Hz and f2 = 199
Hz with respective amplitudes of 1.94 x lo-" and 1.08 x lo-** A* sec. C was obtained in the same fiber following a return to control solution and illustrates the reversibility of the effect(s) of neostigmine by reverting the multiple component spectra to a single component. For C, f, = 129 Hz (7 = 1.13 msec) and the zero frequency amplitude was 1.38 x lo-" A2 sec.
The Journal of Neuroscience Direct Effects of Neostigmine on the Endplate Membrane 
512
Fiekers Vol. 5, No. 2, Feb. 1985 collagenase treatment (see Fig. 11 ). The peak MEPC amplitude was generally reduced in collagenase-treated fibers, presumably due to a partial separation of the presynaptic nerve terminal from the postjunctional membrane. Exposure of the enzyme-treated fibers to neostigmine further increased the time constant of MEPC decay (Fig. 8B ) and further decreased histochemical staining for AChE in twitch fiber endplates (see Fig. 11C ). Although the rate of rise, peak current amplitude, and time constant of MEPC decay were altered by collagenase treatment, there was no significant effect of this enzyme pretreatment on the characteristic frequency or the conductance of the ACh receptor channel complexes activated by either ACh or CCh when compared to untreated controls (see Figs. 9A and 1OA; Kuba et al., 1974; Katz and Miledi, 1975) . In addition, concentrations of neostigmine up to and including lo-" M did not alter these parameters. Higher concentrations of neostigmine, however, produced power spectral density curves which required the sum of two time constants to fit properly. These spectral fluctuations were best described by a low and a high frequency component with time constants and amplitudes comparable to those obtained in untreated muscles exposed to the same concentrations of neostigmine. Figure 9 illustrates power spectral density curves obtained from ACh-induced current fluctuations in a single fiber following collagenase treatment. In this fiber, neostigmine (10e4 M) converted the control spectrum with a single cut-off frequency of 63 Hz to a two-component spectrum with cut-off frequencies of 41 and 261 Hz. Hyperpolarizing this fiber decreased the frequency of the slow component to 25 Hz and increased the rate of the fast component (317 Hz). Figure 10 demonstrates the result of a similar experiment in which CCh was iontophoretically applied. Power spectra were obtained from the same fiber voltage clamped to -80 mV and sequentially exposed to control solution (Fig. lOA) , neostigmine, 1O-4 M (Fig. lOR) , and a return to control solution (wash, Fig. 1OC ). In the presence of neostigmine, two component spectra were obtained. Following a return to control solution and washing for 20 min, the spectrum of current fluctuations returned to control values, demonstrating the reversibility of the effects of neostigmine on the ACh receptor channel complex.
Discussion
Under normal conditions, activation of ACh receptors at the neuromuscular junction can be described by the following kinetic schema. The decay of synaptic currents recorded following AChE inhibition is dependent on a number of simultaneous reactions. In addition to the normal rate-limiting step, believed to be a conformation change in a gating molecule associated with the receptor, other processes which might affect the decay are: (1) multiple binding of ACh to receptors due to the high cleft concentration of ACh, (2) delayed diffusion from the synaptic cleft, (3) a direct effect of neostigmine on the ACh receptor channel complex, and (4) variability in the geometry of the synaptic cleft region and the density of ACh receptors from fiber to fiber. The present results demonstrate that low concentrations of neostigmine inhibit the hydrolysis of ACh, resulting in an increase in the MEPC decay time constant and an increase in MEPC amplitude without altering the lifetime or conductance of individual ACh receptor channel complexes. These results are consistent with the interpretation that, in the presence of neostigmine, current decay is determined by delayed diffusion as a result of repetitive binding of ACh to available receptors as ACh diffuses out of the synaptic cleft (Katz and Miledi, 1973; Magleby and Terrar, 1975) . However, analysis of synaptic current decay in the present paper and by others (Magleby and Stevens, 1972a, b; Gage and McBurney, 1975) demonstrates that, in the presence of neostigmine, current decay, although prolonged, is well described by a single exponential function. In addition, the dependence of MEPC decay on the value of the membrane potential is unaltered by neostigmine.
Several possibilities could account for these experimental observations. One is that the process of diffusion in the presence of neostigmine exhibits a voltage dependence similar to that in untreated controls. The origin of this voltage dependence is unknown but could reside in the binding reactions of ACh with the receptor (Colquhoun, 1975) . Alternatively, the observed voltage dependence may represent a combination of several rate processes, the magnitudes of which cannot be resolved independently in the decay of the synaptic currents. As a result of these apparent discrepancies, a direct effect of neostigmine on the receptor channel complex to prolong the mean lifetime of endplate channels has been suggested (Magleby and Stevens, 1972b) . Direct effects of neostigmine were not observed in the present study in concentrations below and including 10m5 M. Further experiments on the nature of the voltage dependence in low concentrations of anticholinesterase agents are required to resolve this issue.
When concentrations of neostigmine above 2.5 X lo-" M were used (see also Magleby and Stevens, 1972a, b; Gage and McBurney, 1975) , direct actions of neostigmine were observed: MEPC decay was converted into two components, MEPC amplitude was reduced, and current fluctuation spectra required the sum of two Lorentzian components. Although biphasic MEPC have been observed with high concentrations of di-isopropylfluorophosphate (DFP) (Kuba et al., 1974) , edrophonium (Goldner and Narahashi, 1974) , eserine (Kordas et al., 1975) , and prostigmine (neostigmine) (Kordas, 1977) , these results were not analyzed over either a range of concentrations or of membrane potentials, and EPC fluctuations were not recorded.
Evidence for a direct action of neostigmine on the ACh receptor channel complex is supported in this paper by the fact that similar results were obtained using different experimental approaches.
If the two-component spectra were due to an accumulation of ACh within the synaptic cleft following neostigmine, then similar results would not be expected using CChinduced current fluctuations.
Since CCh is a nonhydrolyzable agonist, the concentration would not increase due to AChE inhibition.
The current fluctuation spectra obtained using CCh were qualitatively identical to those obtained using ACh as the agonist. Biphasic MEPC decays and two-component spectra were also obtained following collagenase treatment. Collagenase pretreatment has been shown to remove AChE from amphibian endplate regions, and similar results were obtained in the present experiments using snake muscles (Fig. 11) . Al-though some histochemical staining for AChE remained following this treatment, the staining was much reduced and became less in the presence of neostigmine (Fig. 11) . These data indicate that the high frequency component in the spectra was a result of a direct action of neostigmine and not the result of enzyme inhibition.
The simplified kinetic schema depicted above predicts that, with two kinetically distinct states, data should be described by a single time constant since the number of basic components is one less than the number of kinetic states (Colquhoun and Hawkes, 1977) . Here it is assumed that the rate of association of ACh with receptors is high with respect to channel gating and that the closed states of the receptor are indistinguishable. It is clear that synaptic responses obtained in the presence of neostigmine were more complex than a single component and require a kinetic model with at least three states. With three distinct states, MEPCs would be fit with the sum of two exponential components having different time constants, and current fluctuation spectra would require the sum of two Lorentzian components with different corner frequencies, as observed experimentally.
A three-state model has been described for numerous drugs which produce an open channel block (Adams, 1976; Ruff, 1977) . One analysis of the open channel blocking mechanism is accomplished by comparing the rates and amplitudes of MEPCs with the rates and amplitudes of the respective spectral components. This is based on the assumption that a direct effect on channel kinetics predicts that the lifetime calculated from the noise spectra should be prolonged by the same amount as the MEPC decay. In the present experiments, however, considerable variability in the decay of MEPCs was observed, and the decay components were not similar to the spectral components. When examined in the same fiber, the time constant for the fast component of MEPC decay did not decrease with voltage and concentration of neostigmine as expected for an open channel blocker (see Table  II ). Rather, the time constants for both the fast and slow decay components increased with either membrane hyperpolarization or increasing concentrations of neostigmine. The amplitude of the fast component did increase, however, with membrane hyperpolarization and increasing concentrations of neostigmine.
The reciprocal of the rate of EPC decay in control solution is similar to the mean lifetime of the open state of the ACh receptor channel complex determined from noise analysis (Magleby and Stevens, 1972a, b; Anderson and Stevens, 1973) . Recent single-channel recordings using high resolution methods suggest that the mean channel lifetime is actually the mean lifetime of a single-channel burst. Rather than a square pulse of current, a single-channel current appears as a burst of current with pulses in very quick succession (Colquhoun and Hawkes, 1977; Trautman and Siegelbaum, 1983) . These "flickers" within the channel-opening event would be expected to give rise to components of very low amplitude in noise spectra so that, even when the component is within the observable frequency range, it could easily be missed. Trautman (1983) has proposed that the differences between agonists may be due to differences in the rate of dissociation of agonists from the receptor and that the differences are reflected in both the potencies and the number of oscillations of a channel between the open and closed states within a burst. In the present context, neostigmine may have a direct stabilizing effect on the receptor channel complex to prolong agonist occupancy on the receptor and therefore decrease the rate of agonist dissociation. This drug-induced complex could result in single-channel openings with numerous quick flickers within the burst which would produce a high frequency component to current fluctuation spectra whose amplitude increases with neostigmine concentration as observed experimentally. In the present experiments, the amplitude of the fast frequency component increased with both ACh and CCh, but the cut-off frequency was much higher for ACh than for CCh. According to this theory, the stabilized complex would result in an increase in the oscillation between open (ACh2R*) and closed (ACh,R) states of the receptor (see also Dionne, 1981) . The development of a neostigmine-induced stabilization of the closed state of the receptor is a possibility and is consistent with the data which demonstrate two spectral components. In low concentrations of neostigmine, the high frequency component, although possibly present, would not be resolvable due to its low amplitude, and the spectral fluctuations would be described by a single time constant similar to that of control.
The slow frequency component was slower than the control and became slower with increasing concentrations of neostigmine. This component could represent a burst duration and could reflect the prolonged lifetime of agonist association. Distinguishing between several complex models for channel behavior or the resolving of heterogeneities in the channel population in the presence of neostigmine can best be resolved using single-channel analysis. It is apparent, however, that the actions of neostigmine are complex and concentration dependent.
